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Abstract 
Macro/mesoporous carbon monoliths with a graphitic framework were synthesized by 
carbonizing polymeric monoliths of poly(benzoxazine-co-resol). The overall synthesis 
process consists of the following steps: a) the preparation of polymeric monoliths by co-
polymerization of resorcinol and formaldehyde with a polyamine 
(tetraethylenepentamine), b) doping the polymer with a metallic salt of Fe, Ni or Co, c) 
carbonization and d) the removal of inorganic nanoparticles. The metal nanoparticles 
(Fe, Ni or Co) formed during the carbonization step catalyse the conversion of a fraction 
of amorphous carbon into graphitic domains. The resulting carbon monoliths contain > 
50 wt % of graphitic carbon, which considerably improves their electrical conductivity. 
The use of tetraethylenepentamine in the synthesis results in a nitrogen-containing 
framework. Textural characterization of these materials shows that they have a dual 
porosity made up of macropores and mesopores (~ 2-10 nm), with a BET surface area in 
the 280-400 m2·g-1 range. We tested these materials as electrodes in organic electrolyte 
supercapacitors and found that no conductive additive is needed due to their high 
electrical conductivity. In addition, they show a specific capacitance of up to 35 F·g-1, 
excellent rate and cycling performance, delivering up to 10 kW kg-1 at high current 
densities. 
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1. Introduction 
The design and fabrication of porous carbons with appropriate structural and 
chemical properties has recently generated a great deal of interest because of their 
applicability in numerous fields such as: (i) the storage of electrical energy in 
supercapacitors [1], (ii) the immobilization and separation of large biomolecules [2], 
(iii) CO2 capture [3], (iii) hydrogen storage [4], (iv) the adsorption of specific 
contaminants in liquid phase (e.g. dyes, heavy metal ions, anions, etc.) [5], (v) catalytic 
supports in fuel cells [6], etc. To enhance the performance of porous carbons for each 
individual case, it is important that the properties of the material match the requirements 
of the application. In this regard, these materials normally consist of a powder made up 
of fine carbon particles. However, some types of structure such as highly permeable 
monolithic porous carbons, may be more useful in applications related to 
electrochemistry or separation processes (e.g. chromatographic columns, filtration 
devices, etc) owing to their easy manageability, low pressure drop, improved electron 
conductivity and electrolyte diffusion [7-10]. Two synthesis strategies for fabricating 
carbon monoliths have so far been reported. One is the nanocasting approach, which 
requires multiple steps and the use of templates, normally porous polymer or silica 
monoliths [11-13]. Due to the complexity of the nanocasting route, other easier 
alternatives which circumvent the need for sacrificial templates, have been recently 
examined. One such alternative is the production of carbons with a monolithic structure 
by simple carbonization of polymeric porous monoliths. Research groups who have 
used this method include Liang and Dai who prepared bimodal porous carbon monoliths 
by means of a dual phase separation process using phloroglucinol/formaldehyde 
copolymer as carbon precursor [14], Huang et al. who reported the fabrication of 
carbonaceous monoliths using phenolic resols as precursors via a one-step hydrothermal 
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approach [15], and Hao et al. who prepared porous carbon monoliths with a nitrogen-
containing framework and a high mechanical strength through self-assembly of 
poly(benzoxazine-co-resol) followed by a carbonization process [16]. 
In contrast to carbon powders, carbon monoliths exhibit a high permeability and 
interconnectivity, two features that ensures high mass transfer rates and a good 
electronic conductivity, a property that is essential in electrochemical applications such 
as energy storage (i.e. supercapacitors or lithium-ion batteries) and for use as 
electrocatalytic supports in fuel cells. However, carbon monoliths usually have 
amorphous carbon frameworks with poor electronic conductivity, a drawback that limits 
their applicability in electrochemical systems. A simple way to overcome this problem 
is to fabricate porous carbon monoliths that contain graphitic domains within their 
framework. For example, Liang et al. reported the fabrication of graphitic carbon 
monoliths by means of a nanocasting route using silica nanospheres as sacrificial 
template, resorcinol-formaldehyde (RF) as carbon precursor and iron (III) as 
graphitization agent [17]. The resulting carbon monolith exhibits a macrocellular 
structure specially designed for use as a chromatographic column. However, fabrication 
of this material requires a sacrificial template (i. e. silica nanospheres) with the added 
disadvantage that its pore development is poor (SBET < 200 m2·g-1). The challenge then 
is to develop a simple synthesis strategy for making porous carbon monoliths that 
combine a high and accessible pore development with graphitic domains that provide a 
good electronic conductivity.     
This study presents a controllable and facile method to synthesize mesoporous 
graphitic carbon monoliths, which combine high surface areas, large pore volumes 
formed by accessible mesopores and good electronic conductivities. These monoliths 
were prepared without the aid of any sacrificial hard templates by using as carbon 
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precursor a porous polymer (i.e. poly(benzoxazine-co-resol)), synthesized following a 
procedure recently described by Hao et al. [16]. In order to generate graphitic domains 
in the carbon monolith, the polymeric precursor was impregnated with various metal 
compounds that give rise to metallic nanoparticles which act as catalysts for the 
conversion of amorphous carbon into graphitic domains. This process occurs at 
relatively low carbonization temperatures (< 1000 ºC). The resultant carbonaceous 
monoliths contain more than 50 % of graphitic carbon and they exhibit a good 
electronic conductivity. In this paper, the performance of this material as electrodes in 
supercapacitors is assessed. 
2. Experimental section 
2.1 Chemicals 
Triblock copolymer Pluronic P127 (Mw = 12600, PEO106PPO70PEO106), resorcinol (99 
wt %), formalin (37 wt % formaldehyde in water), Fe(NO3)3.9H2O (97 wt %), 
Co(NO3)2.6H2O (98 wt %), Ni(NO3)2.6H2O (98 wt %), tetraethylenepentamine (denoted 
TEPA, 97 wt %) were supplied by Sigma-Aldrich. Ethanol (99 %) and hydrochloric 
acid (37 wt %) were purchased from Panreac. Deionized water was used in all the 
experiments. 
2.2 Synthesis of graphitic carbon monoliths 
A typical synthesis of undoped monolithic polymer precursor involved the following 
steps. 0.42 g (0.033 mmol) of Pluronic F-127 and 1 g (9.1 mmol) of resorcinol were 
dissolved in a solvent mixture of water (3 mL) and ethanol (3.8 mL) under magnetic 
stirring at room temperature. After that, 0.06 g (0.3 mmol) of polyamine TEPA was 
added to the above solution and stirred for 30 min at room temperature. Subsequently, 
1.5 mL (18.5 mmol formaldehyde) of formalin was injected into the solution. The 
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reaction mixture was stirred for five minutes. The solution was then poured into a 
Teflon autoclave which was placed in an oven at 100 ºC and left for 4 h. The resulting 
polymeric monolith was dried at 50 ºC for 24 h. The as-made polymeric monoliths were 
heat-treated under a flow of nitrogen at 350 ºC (2 h, 5 ºC·min-1) in order to remove the 
F-127 surfactant. This sample (denoted as CRF-350) was used for the fabrication of 
graphitic monoliths. A non-graphitic carbon monolith (denoted as CRF-800) was 
prepared by means of carbonization of a polymeric sample under a flow of nitrogen at 
800 ºC (1 h, 5 ºC·min-1). 
To promote the graphitization of the carbon monoliths, the following procedure 
was adopted. The CRF-350 monolith was impregnated dropwise with a solution of 
metal (Fe, Ni or Co) nitrate in ethanol up to incipient wetness (~ 5 mmol of metal nitrate 
per gram of CRF-350). The impregnated sample was then dried under vacuum at 55 ºC 
for 6 h and heat-treated under a nitrogen flow up to a temperature in the 800-1000 ºC 
range for 1 h (Heating rate: 5 ºC·min-1). Finally, the carbonized monolith was treated 
with concentrated hydrochloric acid to remove the metal nanoparticles, washed with 
abundant deionized water and dried at 120 ºC for several hours. The porous graphitic 
monoliths prepared in this way were denoted as PGM-X-Y, X being the metal used as 
graphitization catalyst and Y the carbonization temperature in ºC. 
An alternative more direct synthesis route for synthesizing porous graphitic 
carbon monoliths was also employed. This involved using a Co-doped polymer 
monolith as carbon precursor. The synthesis procedure in this case was similar to that 
previously described except that 1.17 g (4 mmol) of Co(NO3)2.6H2O was added to the 
reaction mixture after the surfactant (Pluronic F-127) had dissolved. The resulting Co-
doped polymeric monolith was dried at 50 ºC for 24 h and then heat-treated under 
nitrogen up to 800 ºC for 1 h (Heating rate: 5 ºC·min-1). The resulting Co-doped carbon 
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monolith was treated with concentrated hydrochloric acid to remove the cobalt 
nanoparticles, washed with abundant deionized water and dried a 120 ºC for several 
hours. This porous graphitic monolith was denoted as PGM-Co-D-800.  
2.3 Characterization 
Low-angle range X-ray diffraction (XRD) patterns were obtained on a Siemens D5000 
instrument operating at 40 kV and 20 mA, using CuKα radiation. The morphology of 
the samples was examined by Scanning Electron Microscopy (SEM) on a Zeiss DSM 
942 microscope. Transmission electron micrographs (TEM) were taken on a JEOL 
(JEM 2100-F) apparatus operating at 200 kV. The nitrogen sorption isotherms and 
textural properties of the carbons were determined at -196 oC by means of a 
conventional volumetric technique (Micromeritics ASAP 2020). The surface area was 
calculated by the BET method from the adsorption data obtained in the relative pressure 
(p/po) range of 0.01 to 0.1. The total pore volume was determined from the amount of 
nitrogen adsorbed at p/po = 0.99. The pore size distribution (PSD) was calculated by 
means of the Kruk-Jaroniec-Sayari method [18] applied to the adsorption branch. The 
micropore and mesopore volumes were calculated by the αs-plot analysis. The Raman 
spectra were recorded on a Horiva (LabRam HR-800) spectrometer. The source of 
radiation was a laser operating at a wavelength of 514 nm and a power of 25 mW.  
Thermogravimetric analysis of the carbon samples was carried out in a CI Electronics 
system. The electrical conductivity of the carbon materials was determined by pressing 
the sample between two plungers into a hollow Nylon cylinder (inner diameter of 8 
mm), and applying a pressure of up to 7.1 MPa. 
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2.4 Electrochemical tests  
The electrochemical measurements were performed in a two-electrode Swagelok™ type 
cell. The electrodes were prepared by mixing 90 wt % of active material (i.e. graphitic 
carbon) with 10 wt.% of polytetrafluoroethylene (PTFE) binder (Aldrich, 60% 
suspension in water). The two electrodes, of comparable mass, were electrically isolated 
by glassy fibrous separator. Stainless steel rods were used as current collectors. The cell 
was built in a dry-box under argon, using as organic electrolyte a solution of 1 M 
tetraetylamonium tetrafluoroborate (Et4NBF4) (Aldrich) in acetonitrile (AC). 
Electrochemical characterization was performed using a computer controlled 
potentiostat (Biologic VMP3 multichannel potentiostat). Cyclic voltammetry was 
conducted between 0 and 2 V at sweep rates ranging from 1 to 100 mV·s-1. The 
gravimetric capacitance, C (F·g-1), was calculated by means of the formula: 
C = 
(dV/dt)·m
I 2
       (1) 
where I = current (A), dV/dt = scan rate (V·s-1) and m = mass (grams) of carbon in each 
electrode. 
Galvanostactic charge/discharge cycling was also performed in the 0 - 2 V range, at 
current densities in the 0.05 – 20 A·g-1 range, based on the active mass of a single 
electrode. The gravimetric capacitance, C (F·g-1), was calculated by means of the 
formula: 
C = 
(dV/dt)·m
I 2
       (2) 
where I = current (A), dV/dt = slope of the discharge curve (V·s-1) and m = mass 
(grams) of carbon in each electrode. 
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3. Results and discussion 
3.1 Monolithic porous carbon from RF-tetraethylenepentamine 
The condensation of phenolic derivatives (i.e. resorcinol) with formaldehyde in 
the presence of primary amines (Mannich reaction) gives rise to benzoxazine 
monomers, which can be easily polymerized to polybenzoxazine by simple thermal 
treatment. This material is a thermosetting polymer that exhibits the following 
important advantages over the conventional phenolic resins: a) no catalysts are required 
for curing, b) near zero volumetric changes upon curing, c) release of non-toxic by-
products during curing, etc [19-21]. In addition, such materials have high carbon yields, 
which make them excellent precursors for the synthesis of a variety of carbon materials 
[22]. Recently, Lu et al. have demonstrated that by varying the concentration of the 
reactants used in the synthesis, it is possible to modulate the morphology of 
polybenzoxazine from nanospheres (dilute conditions) [23] to monoliths (high-
concentration conditions) [16]. Both morphologies can be easily transferred to carbon 
through a carbonization step. In the present work, we have adopted this strategy and 
used high-concentration conditions to fabricate porous graphitic carbon monoliths. To 
produce the benzoxazine monomers, tetraethylenepentamine (TEPA) was used as 
primary amine. Lu et al. demonstrated that mesostructured carbon-based 
polybenzoxazine monoliths can be synthesized by using simple protic amines (i. e. 
dimethylamine, ethylenediamine or 1,6-diaminohexane) but not by aprotic bases such as 
trimethylamine [16]. In the present work we extend this concept to more complex protic 
organic bases such as TEPA and demonstrated that they are also suitable to produce this 
type of mesostructured materials. In this respect, we analyzed the use of other 
polyamines (i. e. bis(3-aminopropyl)amine, tris(2-aminoethyl)amine, 
pentaethylenehexamine and polyethylenimine-ethylenediamine branched) and observed 
 9
that they are also appropriate to this end  (data not shown). The use of these types of 
amines strongly affects the characteristics of the carbonized products. Indeed, their large 
nitrogen content gives rise to N-rich mesostructured carbons which are important for 
several emergent applications (i. e. metal-free electrocatalysts for oxygen reduction). 
Moreover, the employ of a polyamine such as TEPA instead of more simple amines (i. 
e. 1,6-daminohexane) induces changes in the carbon mesostructure, which involve an 
enlargement of the size of mesopores (vide infra).  
 
 
 
 
 
 
 
 
 
 
Figure 1. Photographs and SEM images of the polymer (a, b) and carbon monolith 
CRF-800 (c, d). 
Carbonization of the polymer monoliths yields carbon samples that retain the 
structure and shape of the monolith, as illustrated by Figures 1a and 1c. A comparison 
of the photographs of the polymer and carbon monoliths shows that a large shrinkage 
takes place during the carbonization step, with a reduction in volume of around 63 % 
c 
a  
10 µm 
b 
 
10 µm 
d 
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(diameter: - 21 %; height: - 40 %). In spite of this volumetric contraction, the carbon  
monolith does not show the formation of any fissure. By thermogravimetric analysis, it 
was found that the carbon residue remaining after decomposition of the polymer 
monolith was ~ 30 wt % (see Fig. S1a in Supporting Information). Around 60 % of the 
weight loss occurs at < 400 ºC, a large fraction of this corresponding to the 
decomposition of the surfactant. SEM inspection of the internal structure of the polymer 
and carbon monoliths revealed that both samples have a similar sponge-like structure 
made up of large voids and interconnected microspheres of ~ 1 micron in diameter (see 
Figures 1b and 1d). 
At a nanometer scale, the carbon monolith CRF-800 has a well-ordered 
mesoporous structure, as is clearly illustrated by the TEM image in Figure 2a. This is 
confirmed by the XRD pattern in the low-angle range, which exhibits a pronounced 
peak (see Fig. 2b).  In addition, sample CRF-350 also shows a well-defined XRD peak, 
which proves that the surfactant has been successfully removed after pyrolysis at 350ºC.  
The weight loss at this temperature is around 50 %, as deduced by TGA (see Figure S1b 
in Supporting Information). 
 
 
 
 
 
 
Figure 2. (a) TEM image of CRF-800 in the (110) direction and (b) XRD patterns in the 
low-angle region. 
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Figure 3. N2 sorption isotherms and pore size distributions (inset) of the CRF-350 
(open symbols) and CRF-800 (black symbols) samples. 
The nitrogen sorption isotherms and corresponding pore size distributions 
(PSDs) of the carbonized samples (i. e. CRF-350 and CRF-800) are displayed in Figure 
3. The textural properties of these materials are listed in Table 1. The sorption isotherms 
exhibit a well-defined capillary condensation step at p/po ~ 0.6-0.8, which indicates the 
presence of uniform mesopores. This is confirmed by the pore size distributions (inset 
in Fig. 3). Indeed, these samples exhibit PSDs centred at ~ 8 nm and ~ 7 nm for CRF-
350 and CRF-800 respectively, their respective BET surface areas being 350 and 590 
m2·g-1. The CRF-800 sample also contains a large number of micropores as is deduced 
from the αs-plot analysis (~ 40 % of the pore volume can be assigned to pores of < 2 nm 
- see Table 1). By contrast, the porosity of the CRF-350 sample is made up almost 
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exclusively of mesopores (see Table 1). The CRF-350 sample has two important 
characteristics for the fabrication of graphitic monoliths: a) it contains an accessible 
porosity suitable for being infiltrated by the graphitizing catalyst precursor and b) due to 
the low heat-treatment temperature, it is not a true carbon but a semi-carbonized product 
with a large density of highly functionalized graphite-like lamellar molecules, which 
results very appropriate for graphitization by the catalytic action of inserted metal 
nanoparticles [24].  
 Table 1. Textural properties of the carbonized RF monoliths and porous graphitic 
monoliths. 
 
a Micropore volume; b Mesopore volume; c Pore volume of the macropores and large mesopores.  
3.2 Monolithic porous carbon with a graphitic framework  
For the fabrication of graphitic monoliths, the CRF-350 sample was used as starting 
material. First, it was impregnated with nitrates of different transition metals (Fe, Co or 
Ni), which have already been demonstrated to be effective graphitization catalysts [24-
26]. The impregnated sample was then subjected to heat treatment under an inert 
atmosphere. In this step, the deposited metal nitrates first decompose to their 
corresponding metal oxides (e.g. ~ 300 ºC for nickel nitrate). Subsequently, at higher 
temperatures, these oxides are reduced by carbon (the so-called carbothermal reduction) 
to metal nanoparticles (e.g.  at ~ 400 ºC the formation of Ni nanoparticles commences) 
αs-plot analysis Sample SBET, 
(m2·g-1) 
Vp 
(cm3·g-1) 
Pore size 
(nm) Vo (cm3·g-1) 
a VmI (cm3·g-1) 
b VmII (cm3·g-1) 
c 
CRF-350 350 0.20 8 0.01 0.18 0.01 
CRF-800 592 0.37 6.9 0.16 0.20 0.01 
PGM-Fe-800 407 0.39 2.5-10 0.07 0.24 0.08 
PGM-Ni-800 291 0.35 2.5-10 0.04 0.09 0.22 
PGM-Co-800 423 0.37 2.4-8 0.07 0.24 0.06 
PGM-Co-D-800 425 0.43 2.4-8 0.05 0.29 0.09 
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[27]. Finally, at temperatures above 700 ºC, the conversion of amorphous carbon into 
more ordered carbon begins through the catalytic action of the metal nanoparticles 
contained within the carbon matrix. This process occurs following a dissolution–
precipitation mechanism, whereby amorphous carbon first dissolves into the metal 
catalyst, and then precipitates from the nanoparticles as graphitic carbon [28]. The TEM 
image in Figure 4a representing the graphitized sample PGM-Ni-1000 reveals three 
different phases: a) nickel nanoparticles, b) amorphous carbon and c) graphitic 
nanostructures. Once the metal nanoparticles have been removed by acid washing, the 
resulting materials are a mixture of amorphous and graphitic carbon as clearly 
illustrated in Figure 4b. The graphitic carbon nanostructures are made up of curved 
nanoribbons formed around the metal nanoparticles through the catalytic graphitization 
process (see Figure 4a). These nanoribbons have a high crystallinity, as is demonstrated 
by the HR-TEM image in Figure 4c, which displays very well-defined (002) lattice 
fringes, and also by the selected area electron diffraction pattern, shown as inset in 
Figure 4c. At a macroscopic level, the graphitic monolith retains the shape of the 
polymeric precursor (see Figure 4d/inset). In addition, it exhibits a large shrinkage 
similar to that detected for the CRF-800 sample. It is especially worth mentioning that, 
in spite of the large shrinkage that occurs during the carbonization-graphitization 
process, the surface of the graphitic monolith does not exhibit any cracks. The SEM 
image in Figure 4c reveals that the graphitized monolith has a fully interconnected 
sponge-like structure with large voids, analogous to that observed in the polymeric and 
carbonized monoliths. However, in this case, the basic unit consists of melted irregular 
microparticles instead of the microspheres observed in the carbonized monolith CRF-
800. 
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Figure 4. TEM images of the PGM-Ni-1000 sample: (a) before and (b, c) after acid 
washing (Inset: selected area electron diffraction pattern of the graphitic nanoribbons). 
(d) SEM image of PGM-Ni-800 (inset: photograph of a graphitic monolith). 
The graphitic nature of the monoliths was further examined by 
thermogravimetric analysis, XRD and Raman spectroscopy. Figure 5 displays the 
weight loss (Fig. 5a) and weight loss rate (Fig. 5b) curves obtained for the non-
graphitized and graphitized samples heat-treated in air. As shown in Figure 5a, the 
oxidation of the CRF-800 sample (amorphous carbon) occurs in only one step, the 
maximum of the weight loss rate occurring at ~ 500 ºC (see Figure 5b). By contrast, the 
Amorphous carbon 
Nickel 
nanoparticles 
Graphitic nanostructures 
Amorphous 
Carbon
Graphitic  
Carbon 
a b 
(002) 
(110) 
(004) (10) 
c 
40 µm 
d 
1 cm
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oxidation curves for the graphitized samples clearly exhibit two steps, the maxima of 
the weight loss rate curves occurring at ~ 500 ºC and ~ 600 ºC. As illustrated in Figure 
5b, these peaks can be ascribed to the amorphous and graphitic phases respectively. If 
we take into account the difference in the oxidation rates for both carbon phases, we can 
quantify the amount of graphitic carbon present in the graphitized samples. This amount 
corresponding to the samples obtained at 800 ºC varies from 40 wt % (PGM-Co-800) to 
66 wt % (PGM-Fe-800) (see Table 2). Interestingly, in the case of the samples prepared 
with Ni as catalyst, we observed an increase in the amount of graphitic carbon as the 
temperature varied from 800 ºC (62 wt %) to 1000 ºC (77 wt %) (see Figure 5a). 
 
 
Figure 5. Thermogravimetric curves for the carbon monoliths in an air flow: a) weight 
loss and b) weight loss rate. The heating rate was 2 ºC·min-1. 
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Table 2. Properties of porous graphitic carbon monoliths. 
 
a Determined by means of thermogravimetric analysis; b electronic conductivity measured by pressing a 
powdered sample at 7.1 MPa. 
 
The XRD patterns in the wide-angle region (20º–90º) corresponding to the 
samples synthesized at 800ºC are shown in Figure 6a. These graphitized materials 
exhibit XRD peaks at 2θ ≈ 26º, 43º, 54º and 78º, which can be assigned to the (002), 
(10), (004) and (110) diffractions of the graphitic framework, respectively. Table 2 
contains the structural parameters deduced from these XRD patterns, i.e. (002) plane 
spacing (d002) and the crystallite size perpendicular to the basal plane (Lc). The values of 
d002 are around 0.34 nm. Thus, they are larger than that of graphite (0.335 nm), 
suggesting a random combination of graphitic and turbostratic stacking [29]. The values 
obtained for Lc are in the 5 – 9 nm range. This parameter depends mainly on the type of 
metal used as catalyst for graphitization. Thus, the samples obtained in the presence of 
Ni show, with respect to those obtained with Co or Fe, larger Lc values, indicating that 
Ni is a better catalyst for heterogeneous graphitization. Figure 6b shows the Raman 
spectra obtained in two different regions of the PGM-Co-D-800 sample. One of them 
(lower) has a strong G-band at 1572 cm-1 and a weak D-band at 1350 cm-1, which 
clearly indicates the presence of graphitic structures (ID/IG=0.28). The other spectrum 
(upper) contains two broad bands, as might be expected for a disordered carbon 
(ID/IG=0.90). This result clearly confirms that the carbon framework in the graphitized 
monoliths consists of a heterogeneous mixture of amorphous and graphitic carbon. 
Sample Graphitic carbon 
(wt %) a 
d002 
(nm) 
Lc 
(nm) 
Conductivity 
(S·cm-1) b 
N content 
(wt %) 
CRF-800     0 ~ 0.38 < 2 1.5 0.98 
PGM-Fe-800 ~ 66 0.342 4.6 2.4 0.71 
PGM-Ni-800 ~ 62 0.341 9.0 6.4 0.86 
PGM-Co-800 ~ 40 0.343 5.4 3.7 0.53 
PGM-Co-D-800 ~ 50 0.343 6.4 4.9 0.43 
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Table 2 shows the electronic conductivities of the samples prepared at 800 ºC. As 
expected, the graphitization step induces a considerable enhancement in electronic 
conductivity and, in consequence, the graphitic monoliths exhibit higher conductivities 
than the non-graphitized CRF-800 sample. These values uniformly increase with the 
crystallite size perpendicular to the basal plane (Lc) as illustrated in Figure S2 
(Supporting Information). Accordingly, the best conductivity (6.4 S·cm-1) corresponds 
to the sample (PGM-Ni-800) which has the largest Lc (9 nm). Elemental analysis shows 
that these graphitized monoliths have a nitrogen content that is derived from the TEPA 
polyamine used in the synthesis. These contents are in the 0.4 - 1 wt % range (see Table 
2). N-doped carbons have recently generated a great deal of interest because they have 
proved to be effective catalysts for the oxygen reduction reaction (fuel cell cathodic 
reaction), which normally requires supported expensive noble metal catalyst such as Pt 
and Ru [30]. In addition, the N-doped carbons have enhanced capacitance when used in 
supercapacitors due to their increased electrical conductivity and to pseudocapacitance 
phenomena [31, 32].  
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Figure 6. (a) XRD patterns and (b) Raman spectra of graphitic and amorphous carbon 
domains in the PGM-Co-D-800 sample. 
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Figure 7. Nitrogen sorption isotherms and the corresponding PSD curves (insets) of the 
mesoporous graphitic carbon monoliths: (a) PGM-Fe-800, (b) PGM-Ni-800, (c) PGM-
Co-800 and (d) PGM-Co-D-800. 
 
The nitrogen sorption isotherms and pore size distributions corresponding to the 
graphitized monoliths are depicted in Figure 7. The BET surface area, pore volume and 
pore size of the graphitized carbons are summarized in Table 1. The surface area of 
these samples are in the 280-395 m2·g-1 range, which are lower than those of CRF-800 
(592 m2·g-1) because graphitization prevents the formation of micropores. Indeed, the 
results shown in Figure 7 and those deduced by applying the αs-plot analysis to the 
nitrogen isotherms (see Table 1) indicate that the porosity of these materials is 
essentially made up of mesopores and macropores, there being almost no microporosity 
at all. The mesopores in the graphitized samples exhibit a wide PSD, in the 2-10 nm 
range, as shown in Figure 7 (insets). The N2 sorption isotherms exhibit a type-H2 
hysteresis loop with a pronounced desorption step. This is indicative of delayed 
capillary evaporation and the presence of constrictions in the mesoporous structure 
(cage-like pores). At this point, it should be mentioned that the graphitic carbon 
generated during the carbonization step is formed around the metal nanoparticles that 
act as catalyst. The removal of these metallic nanoparticles gives rise to hollow 
graphitic carbon nanostructures such as capsules with entrances and other carbon 
structures with large voids (i. e. nanotubules).  The constrictions associated to the 
entrances of these nanostructures are the cause of the observed delayed desorption [24]. 
We were particularly interested in comparing the properties of graphitic 
monoliths prepared with Co as catalyst and following the two synthesis strategies 
described in the experimental section: a) impregnation of the pre-carbonized CRF-350 
monolith with a Co compound (i.e. PGM-Co-800 sample) and b) introduction of a Co 
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compound into the synthesis mixture (i.e. PGM-Co-D-800 sample). Procedure (b) is 
much simpler because the pre-carbonization at 350 ºC and impregnation steps are 
circumvented. A comparison of the physical properties (i.e. graphitic carbon content, 
electronic conductivity, N content, Lc value, BET surface area, etc.) of both types of 
sample reveals that they have similar structural and textural properties (see Tables 1 and 
2). These results show that the simple procedure used for PGM-Co-D-800 constitutes a 
useful and easy route to graphitic monoliths. Accordingly, we applied this procedure to 
iron and nickel, but in both cases we observed that the metal nitrates are unevenly 
distributed throughout the polymer monolith preventing the formation of homogeneous 
graphitic monoliths. 
3.3 Electrochemical performance. Supercapacitors 
The synthesized graphitic materials were tested as supercapacitor electrodes in 
organic electrolyte due to the following advantageous features of these materials: i) an 
open and easily accessible porosity for the rapid diffusion of organic ions, and ii) a 
relatively high electronic conductivity, allowing the use of a conductive additive to be 
avoided; the electrodes were thus composed exclusively of binder and active material. 
The square shape of the cyclic voltammograms in Figure 8, even at sweep rates of up to 
100 mV s-1 (Figure 8b), proves good charge propagation in these materials, which is the 
result of their accessible porous structure and good electronic conductivity. Indeed, 70 – 
77 % of the gravimetric capacitance is retained when the scan rate is increased from 1 to 
100 mV s-1.  
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Figure 8. Cyclic voltammograms at room temperature in a solution 1 M TEABF4/AC: 
a) at different scan rates for PGM-Fe-800 and b) at 100 mV·s-1 for different graphitized 
samples.  
To confirm the good rate performance of these materials, galvanostatic 
charge/discharge cycling was performed in the voltage range of 0 – 2 V at different 
current densities up to 20 A·g-1. Figure 9a shows almost no IR drop for low current 
densities and only a small drop (0.22 – 0.45 V) for high currents, the highest IR drop 
being registered for the sample with the lowest electronic conductivity and the highest 
micropore volume, i.e. PGM-Fe-800. All the samples exhibit a good capacitance 
retention (~ 60 – 70 %) with the increase in current density from 0.05 to 20 A·g-1 (see 
Figure 9b). The gravimetric capacitance normalized per surface area of these materials 
is in the 0.062 – 0.086 F·m-2 range, in line with the values of other mesoporous carbons 
[33-35] or carbon nanotubes [36]. It should be noted that the material with the highest 
specific capacitance per surface area is the one with the highest proportion of 
microporosity (18 %), i.e. PGM-Fe-800. This result is in agreement with studies that 
show an anomalous increase in capacitance in pores close to the size of the ions due to 
the distorsion and partial desolvation of the ions [35]. 
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Figure 9. Electrochemical performance of the graphitized samples at room temperature 
in a solution of 1 M TEABF4/AC: a) galvanostatic charge/discharge cycling at 0.5 and 
20 A g-1 for PGM-Co-D-800, b) specific capacitance retention with current density for 
the different graphitized samples, c) Ragone plot and d) cycling performance of PGM-
Fe-800 at a current density of 0.7 A·g-1. 
Similarly to carbon nanotubes, the limited surface area of the materials here 
synthesised restricts their use as high energy performance EDLCs. This is clear from the 
Ragone plot (Figure 9c), where energy densities no larger than to 2.5 – 5 W·h·kg-1 are 
achieved, whereas energy densities above 10 W·h·kg-1 are normally reachable with 
mesoporous carbons in this type of electrolyte [33, 34]. However, these materials stand 
out for their high power densities up to 10 kW·kg-1 (energy density of 1.2 - 2.2 W·h·kg-
1). The good capacitance retention of these materials combined with the low IR drop 
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results in a lower trade-off in the Ragone plot with the increase in the current density, 
especially in the case of the samples with higher conductivities, i.e. PGM-Ni-800 and 
PGM-Co-D-800 (see Figure 9c). The superior performance of those graphitized 
materials compared to the amorphous carbon sample CRF-800 is clearly visible in the 
Ragone plot. In addition, these materials exhibit a good cycling performance, with only 
a 2 % loss of capacitance after 300 charge/discharge cycles at a current density of 0.7 
A·g-1 (see Figure 9d). 
4. Conclusions 
In summary, macro/mesoporous carbon monoliths with a graphitic framework 
have been synthesized by the carbonization of polymeric monoliths of 
poly(benzoxazine-co-resol). The synthesis procedure employed is based on the catalytic 
graphitization of polymeric monoliths prepared through the co-polymerization of 
resorcinol and formaldehyde with a polyamine (i.e. tetraethylenepentamine), using Fe, 
Ni or Co as catalyst. The resulting carbon monoliths contain a large proportion of 
graphitic carbon (> 50 wt %) which considerably improves their electrical conductivity 
(from 1.5 S/cm for the carbon monolith up to 6.4 S/cm for the Ni-graphitized carbon 
monolith). Moreover, the use of tetraethylenepentamine in the synthesis allows the N-
doping of the graphitic monoliths. From a textural point of view, these materials are 
characterized by a dual porosity made up of macropores and mesopores (~ 2 - 10 nm), 
their BET surface area and pore volume being, respectively, in the 280 - 400 m2·g-1 
range and ~ 0.4 cm3·g-1. Those materials were tested as supercapacitor electrodes in 
organic electrolyte (1 M TEABF4/AC), recording specific capacitances of up to 35 F·g-1, 
a value typical of graphitized nanocarbons, such as carbon nanotubes. Furthermore, they 
showed an excellent rate and cycling performance, delivering up to 10 kW·kg-1 at high 
 24
current densities. It is important to note that no conductive additive was needed for the 
preparation of the electrodes due to their high electrical conductivity.  
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Supporting Information 
 
 
 
Figure S1. (a) TGA of polymer monolith (N2, 5 ºC/min), (b) removal of surfactant by 
heat treatment of as-synthesized RF monolith under nitrogen up to 350 ºC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2. Modification of the electronic conductivity with the Lc parameter. 
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